Abstract In the field of free form surface machining, CAM software allows management of various modes of tool-path generation (zig-zag, spiral, z-level, parallel plan, iso-planar, etc.) leaning on the geometry of the surface to be machined. Various machining strategies can be used for the same shape. Nevertheless the choice of a machining strategy remains an expert field. Indeed there are no precise rules to facilitate the necessary parameter choice for toolpath computation from analysis of the numerical model of a part and the quality requirements. The objective of this paper is to provide a method to assist in the choice of the machining direction for parallel plane milling of sculptured parts. The influence of the tool-path on final quality according to the intrinsic geometrical characteristics of the latter (curves, orientation) was studied. Directional beams are introduced and defined from the local surface parameter. Finally, a methodology to optimize machining time while guaranteeing a high level of quality was developed and applied to examples.
Introduction
In this paper, machining strategies for finishing processes of sculptured surfaces are studied. This research is especially focussed on the choice of necessary parameter for tool-path computation in three-axis milling. A machining strategy is a methodology used to compute an operation with the aim of carrying out a geometrical entity in its final form [1] . The choice of a machining strategy depends on various factors such as form deviation and surface roughness. The geometry of the tool, the cutting conditions (feed rate, cutting speed) and the adjustment parameters of the tool-path computation (transversal and longitudinal step, machining direction) are characterized by the machining strategy [2] .
In a competitive climate, it is necessary to reduce the costs and respect the design requirements. Thus, the choice of a machining strategy is an optimization problem under constraints. This problem is based on the geometry of the manufactured surface. The machining time depends on the part geometry and the tool-path. The surface roughness and the form deviation are related to the machining strategy and the surface geometry.
The choice of a machining direction in order to optimize the machining time is studied under various headings: Reduction in effective machining time.
The machining direction is chosen according to an increase in material removal rate (feed rate, tool engagement) [3, 4] . Currently, no methodology is presented to choose a machining direction for the whole surface. Reduction in non-cutting time T ne .
The machining direction is chosen to decrease non-cutting tool-path [5] .
Few formalized studies [6-9] present methods to select a machining direction according to quality requirements of the machined surface. Reduction of the effective machining time leads to an increase in material removal rate, which requires an increase in the real feed rate and the transversal step.
The objective of this research work is to develop a methodology of machining direction selection according to the local parameters of the surface (curvature radius, orientation).
This choice allows optimization of the machining time, while respecting the constraints on the manufactured surface. The selected machining direction must minimize the machining time and respect requirements on the surface.
We then study the influence of the machining direction on the material removal rate A=f z .p and the relation between these parameters and the surface roughness.
Free form tool path computation
Machining of sculptured surface allows obtainment of the part in its final form respecting the design requirements (form deviation and surface roughness). The main parameters are [2]:
-The machining direction -The transversal step -The longitudinal step Numerous tool-path computation methods are available in CAM software, such as z-level, parallel plane, and isoparametric. Some research work has been carried out in this field to create new methods or improve existing ones [10, 11] . Contrary to the roughing process, the manufacturing time during finishing does not take priority over the geometric specifications of the surface.
Considering the method proposed by Kim and Kim [12] , the tool-path (Fig. 1) is computed starting from an offset surface S M , theoretically defined by:
Here N D is the normal with S D at point S D (u,v) and R is the tool radius. The normal of the surface can be computed as :
The manufactured surface quality results from the linkage between the computed tool-path and the primary cutting motion. During the tool-path calculation, the theoretical path presented previously can not be directly communicated to the numerical control. The tool-path must be expressed according to an adapted interpolation format. In this way, the parameter of machining tolerance is defined to carry out the calculation. If linear interpolation is used, the machining tolerance (Fig. 2a) allows calculation of the longitudinal step between two successive positions of the tool. The longitudinal step is computed according to the curvature radius of the tool path [13] . The higher the radius of curvature, the larger the longitudinal step.
In addition, the machining of the surface is obtained by sweeping, it remains a material scallop due to the form and dimension of the selected tool. The scallop height can be parameterized by a transversal step. The transversal step p 1 (Fig. 2b) is defined in a plane perpendicular to the tool axis k, and the local transversal step p is defined in the plane (n',d T ).
Considering the cutting motion, the feed rate and the rotation of the tool must be taken into account. This periodic phenomenon is combined with the tool-path to generate the machined surface. If the longitudinal step is larger than the feed rate, the tool-path computation error [2] is of a higher order than surface roughness (Fig. 3) .
The machining strategy parameters could be modified to decrease the machining time and respect the design requirements (form deviation and roughness). Table 1 shows that all the various parameters influence machining time and surface quality.
Influence of the machining direction
To highlight the interrelationship between the parameters, the MICMAC method is applied [14] from Table 1 . Two characteristics are used to ensure the classification: motricity and dependency. The motricity of a variable corresponds to the number of parameters influenced by a variation of it. Conversely, the dependency of a variable is the number of parameters which could modify it. It is then possible to classify the set of parameters according to their motricity and their dependence. Indeed, Fig. 4 shows that the machining direction is the most significant parameter concerning machining time and surface roughness variation and highlights that:
-The machining direction is a key parameter in the choice of a machining strategy -The motor parameters (parameters with the highest motricity) are the geometrical parameters, surface orientation compared to the tool, the transversal and the longitudinal curvature of the tool-path
The machining direction is one of the most important parameters for the reduction of the machining time (Fig. 4) . Usually this direction is chosen according to an optimal feed rate or depth of cut [3, 4, 15] ; and there is no methodology linking the surface and the machining strategy parameters with surface roughness requirements.
Only a few research works present methods for the optimal choice of the machining direction. Chiou et al. [4] have locally defined the machining direction allowing an increase of the radial step. The tool-paths are then computed by connecting the different points using a curve tangent to these directions. Feng et al. [15] have defined the machining direction for each point allowing 
